ABSTRACT Splicing loss of optical fibers has always been the focus of attention in engineering. With the construction of communication networks in high altitude areas, more attention has been paid to the fusion of optical fibers in high altitude areas. A mathematical model of single-mode optical fibers splice loss affected by altitude is established in this paper. The model takes the splice loss caused by the mismatch in mode field diameters (MFD), angular misalignment and lateral misalignment into account, as well as the influence of atmospheric pressure on splicing angular misalignment. Fiber fusion experiments are carried out at different altitudes. The proposed model is validated by the experimental results and can be used as a reference to future research on the splice loss of single-mode fibers in plateau areas.
I. INTRODUCTION
Single-mode optical fibers have been widely used in optical communication systems because of their good performance. Application area of Ultra-low Loss (ULL) single-mode optical fiber is spreading out to terrestrial networks due to its low loss, such as high altitude areas and depopulated zone [1] - [3] . Fusion splicing is a significant operation in the construction of fiber optic systems [4] . The splice loss of optical fibers has aroused a lot of interest in the past decades. The well-known loss analysis by Marcuse is a significant achievement of single-mode fibers splice [5] . Marcuse modeled the splice loss of fibers as a function of mismatch in mode field diameters (MFD), lateral misalignment and angular misalignment of the core. In the fusion loss model of optical fibers proposed by Das in [6] , a certain pressure should be applied to the direction of the fiber axis to reduce the air gap before fibers fusion. Whereas the terrestrial network requires the applicability to various temperatures, altitudes and so on, and
The associate editor coordinating the review of this manuscript and approving it for publication was Sukhdev Roy. the splice losses show different values at different altitudes. Whereas both [5] and [6] established the model in a stable and unchangeable external environment, and the splice loss calculated by [5] or [6] is inconsistent with the actual splice loss at different altitudes, therefore these two models can not accurately reflect the splice loss in different altitude areas. Distribution of splice loss in single-mode optical fibers was studied in [7] and it can be used to estimate the splice loss of single-mode optical fibers, which indicates that the splice loss of single-mode optical fibers is still a meaningful research direction.
To the best of our knowledge, there has been no reported a statistical model for the splice loss of single-mode optical fibers in different altitude areas. We establish a mathematical model of splice loss in single-mode optical fibers affected by altitude in this work. The model takes the fusion loss caused by the mismatch in MFD, lateral misalignment and angular misalignment of the core into account, as well as the force variation of fiber butt-joint caused by the change of altitude and the influence of force variation on angular misalignment. Several experiments at different altitudes were set up to VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4. We expect that our proposed model will be beneficial to the following scenario. Single-mode optical fiber is widely used in every kind of network. Optical fiber fusion operation is indispensable to the construction of the network. The splice loss is an essential parameter to guarantee the regular operation of the network. When an optical fiber fusion operation was deployed, all the parameters of the fibers can be given by the optical fiber manufacturer and the environmental parameters can be obtained by test instruments. In this situation, the splice loss can be calculated by the proposed model, and the value could be a helpful reference at any altitude.
The paper is structured as follows. In Section 2, analysis by Marcuse on the splice loss of single-mode optical fiber is reviewed, and the effect of pressure between fibers on angular misalignment proposed by Das is reviewed. Thereby, a brief summary of their mathematical models is made and the force of fibers butt-joint before heating at different altitudes is analyzed. Then based on the Marcuse analysis and the Das analysis, a model of splice loss in single-mode optical fibers affected by altitude is established. In Section 3, the experimental equipment, experimental technique, setups and environmental parameters at different altitudes are discussed. Section 4 focuses on the verification of the proposed model by experimental results, and the proposed model, the Marcuse model, the Das model, and experimental results are compared. The main contents and conclusions of the work are given in Section 5.
II. MODELING THE SPLICE LOSS
In general, there are three cases in the fiber splicing process that affected the splice loss [5] , i.e., splice loss caused by the mismatch in MFD is shown in Fig. 1(a) , splice loss because of the lateral misalignment is shown in Fig. 1(b) , and splice loss due to the angular misalignment is shown in Fig. 1(c) . ω 1 , ω 2 are denoted as the mode field radii of two fibers, and d and θ are defined as the lateral misalignment and angular misalignment associated with a splice. Marcuse discussed the effect of the above three cases on the splice loss [5] , the transmission of mismatch in MFD through the splice is modeled as
The transmission of lateral misalignment through the splice is modeled as
The transmission of angular misalignment through the splice is modeled as where n is the index of refraction of the fiber cladding, and λ is the wavelength of light. Splice loss in decibels is related to t by
where the base 10 logarithm is taken. Based on Marcuse analysis, a model of splice loss in singlemode optical fibers affected by altitude is proposed. As the first step in the fusion operation, the fibers are first aligned in the fusion splicer. Pressure F A is applied to the fibers to reduce the air gap before heating. It is recognized that the air present in the air gap will exert a reverse force to the fibers butt-joint, that is, atmospheric pressure F Z , as shown in Fig. 2 . In an area where the altitude is 0, the standard atmospheric pressure intensity is expressed as P 0 , and thus the force of the fibers butt-joint is given by F A −F 0 = F A −P 0 ·s, s represents the cross-sectional area of the optical fiber cladding, because the atmospheric pressure not only acts on the core. Yet in high altitude areas, the air is thin and the atmospheric pressure F Z in the air gap decreases, and the applied pressure F A between the fibers is fixed, so the force of the fiber butt-joint is increased. The atmospheric pressure intensity at altitude Z is expressed as P Z , and the force of the fiber butt-joint at altitude Z is given by F A − F Z = F A − P Z · s. In accordance with the above analysis, the force of the fiber butt-joint will increase in high altitude areas. The model by Das indicated that the force of the fiber butt-joint affects the angular misalignment of the fiber fusion [8] . Das spliced fibers in a plain area and ignored the effect of atmospheric pressure on the force of the fibers, the angular misalignment of fiber fusion with applied pressure F A is expressed as [8] 
where θ 0 is the initial tilted angle, K A and m are constants depending on the end face condition of the fibers, i.e. contaminants on the cutting end, the burred edges and the inclination of fiber end face caused by cutting, as shown in Fig. 3 . As mentioned above, the effect of atmospheric pressure on the force of the fibers butt-joint is considered. With the altitude increases, the force of the fiber butt-joint increases, the force difference in the fiber butt-joint between altitude Z and 0 is (
Hence, the angular misalignment of the fiber fusion at altitude Z is given by
The atmospheric pressure intensity is an important parameter in equation (6) . With the altitude increases, the atmospheric pressure gradually decreases. On the basis of the ideal atmospheric equation (7) and atmospheric static equation (8) 
It can be derived a general pressure-altitude equation
where g is the acceleration of gravity, T is the Kelvin temperature, R is the gas constant of dry air, Z is the altitude. The integration of the equation (9) is
Then, the atmospheric pressure intensity P Z at altitude Z is
Combining equations (3), (4), (6) and (11), the angular misalignment loss of the fiber fusion affected by altitude can be expressed as
Thus fusion loss is given by
Substituting (1), (2), (4), (12) into (13) to obtain the total loss of fibers fusion at altitude Z
Many errors coexist in the splicing process, such as the errors caused by the human operation and experimental equipment, and the minor error caused by different manufacture batches of optical fibers. These errors will affect the final splice loss. So it is necessary to consider these errors in the analysis of the actual splice loss and the theoretical result. Therefore, the relationship between actual measured splice loss and the theoretical result can be expressed as
III. EXPERIMENTAL A. EXPERIMENT 1
The experiment relies on the central Tibet network engineering in China. Three test points in different altitudes are selected in experiment 1 to carry out the research. The environmental information about the three test points as summarized in Table 1 . Two ULL single-mode optical fibers of the same type as those used in the project are selected for the fusion experiments, and the length of each fiber is 500 meters. Sumitomo 81c fusion splicer is selected, which is the same as the fusion splicer used in engineering, the fusion mode is SM G652 Std., and other splicing parameters remain at their default values. Fiber end faces are prepared by cleaving using a wire stripper Sumitomo FC-6S, so the end conditions of optical fibers after each cutting are the same. Then the splice loss at 1550nm is measured by an Optical Time Domain Reflectometer (OTDR) after splicing, and the OTDR adopts a bi-directional approach. The fusion experiment is repeated 10 times for each test point. To improve the spatial resolution of the OTDR and obtain accurate measurement results, appropriate parameters of OTDR should be set before the test. An effective way to improve spatial resolution is to reduce the optical pulse duration. According to the length and working wavelength of experimental fibers, the measurement range, pulse duration and average time of OTDR are set as suitable values to get high measuring accuracy. In the progress of measurement, the location of the fusion point in OTDR traces is an important segment. There will show either a step-down or a step-up on the OTDR trace with respect to the splice loss. The OTDR measurement cursor was located on both sides of the step and close to the step. The result of the measurement is the splice loss. A bi-directional approach was adopted, so the measurement cursor of OTDR must be adjusted in each direction during the measurement. Fusion operation is a method of fusing the end of optical fibers by using the heat generated by discharge. For the reason that the optimal discharge conditions will vary with the external conditions (such as altitude, air pressure, temperature, etc.), before the fiber fusion operation, it is necessary to VOLUME 7, 2019 perform discharge calibration on the fusion splicer. Discharge calibration is a process of transforming discharge conditions according to the fusing length of optical fibers. After the discharge calibration is completed, the fusing length of optical fibers should be the same. The optical fiber feed of the fusion splicer used in this experiment is fixed, the fusing length of optical fibers is the same, and the same fusion mode is adopted, so the fusion time and fiber feed rate are the same for each fusion. Hence, we get the same fusing conditions after every discharge calibration. The operation of discharge calibration on fusion splicer before fusion is the precondition to ensure the same fusing conditions.
B. EXPERIMENT 2
The effect of altitude on the fusion loss is discussed in this work. Three environmental parameters in experiment 1 jointly affect fusion performance. So it is necessary to exclude the effect of temperature and humidity variety on the splice loss. Fusion experiments 2 under the same altitude, same humidity, and different temperatures are carried out to study the variation of fibers fusion loss. Experiment 2 adopts the same ULL single-mode optical fibers, wire stripper, fusion splicer, the fusion mode and other fusion parameters as experiment 1. The range of temperature in experiment 2 should be larger than that in experiment 1. The experiment is repeated 10 times at each temperature, and then the average of the results is calculated. The environmental parameters in experiment 2 are listed in Table 2 , and the average values of the experimental results of experiment 2 are listed in Table 3 . The results show that the variation of the splice loss in the range of 18-27 • C is extremely little and not more than 10 −3 . Therefore, the influence of temperature variation on the splice loss in experiment 1 can be neglected. And the humidity values of three test points in experiment 1 are the same, so it can be considered that the only factor affecting the splice loss in experiment 1 is the altitude.
For errors, we quantified the operation error based on the statistical experiments. The errors of three experimental points in experiment 1 are σ 1 = 0.0026, σ 2 = 0.0049, σ 3 = 0.0089, respectively.
IV. RESULTS AND DISCUSSION
The parameters of the two ULL single-mode optical fibers used in the experiment are listed in Table 4 . The core-cladding concentricity specified by the optical fiber manufacturer is d ≤ 0.5µm [4] , and the measured core-cladding concentricity of two optical fibers used in the experiment is 0.085µ m and 0.01636µm, respectively, so the offset d is set to 
It is recognized that all of the fusion splicers attempt to align the core to achieve a lower splice loss, and the worst offset value is used, nevertheless, it is a reasonable value in this work). In the experiment, the limitations of the cleaver and the core angle are 2 • and 1 • , and θ 0 = 2 is used as the initial angular misalignment. The cladding refractive index of ULL single-mode optical fiber at 1550nm is n = 1.462. For all kinds of optical fibers, whether ULL single-mode optical fiber or traditional single-mode optical fiber, the end face conditions of the fibers depending on the cutting conditions, and the cutting conditions in this work are the same as what has been previously discussed in [8] , hence, K A and m in equations (5), (6) and (12) are the same as that in [8] , that is, K A = 0.022, m = 2. In equation (9), g = 9.8N/kg, T is the Kelvin temperature, the relationship between T and Celsius temperature t is T = 273.15 + t. Due to the temperatures of the three test points in experiment 1 are different, we take t as its average here, i.e., t = 22 • C, and R = 287.05 J · kg −1 · K −1 , P 0 = 101.3kPa. In equation (6) , the value of F A should be known, and F A is the pressure applied when the minimum splice loss is obtained. On the premise of the values set above, the air gap loss was calculated by using equation (24) in [8] , the angular misalignment loss was calculated by using equation (3) and (4), the offset misalignment loss was calculated by using equation (2) and (4), the MFD loss was calculated by using equation (1) and (4), the theoretical values of individual loss and their summation against applied pressure F A are shown in Fig. 4 . It is conspicuous from Fig. 4 , the minimum splice loss is achieved when the applied pressure F A = 0.21N. The unit of F A in [8] is gm., whereas the unit of F A we used in equation (6) is Newton, so the unit conversion is required in the calculation progress.
The theoretical curve of angular misalignment of fiber fusion can be calculated by using (6) and the F A above, the result versus altitude is shown in Fig. 5 . As can be seen from Fig. 5 , the angular misalignment of fiber fusion increases with the altitude. When F A is a fixed value, the increased altitude results in the angle increase, which contributes to the splice loss. loss caused by the mismatch in MFD is extremely insignificant because of the similar MFD of two ULL fibers, it is logical that the splice loss will depend mainly on the losses due to angular misalignment and offset misalignment. It can also be found that the losses caused by offset misalignment and mismatch in MFD are fixed, whereas the angular misalignment loss increases with the increase of altitude, and therefore the total splice loss increases with the increase of altitude.
To verify the accuracy of the proposed model, the contrast between the proposed model, the Marcuse model, the Das model, and experimental data are made, and the results are shown in Fig. 7 . It can be seen from Fig. 7 that the splice loss calculated by the Marcuse model or the Das model is fixed and does not vary with the altitude, which is inconsistent with the tendency of experimental results. Whereas our proposed model agrees more or less with the experimental results, and the splice loss calculated by the proposed model increases with the increase of altitude. The error between the proposed model and experimental results is significantly lower than the error between the Marcuse model, the Das model, and experimental results. It can also be seen in Fig. 7 that the error of the experimental data is very low in the plain area and the error increases as the altitude increases. This phenomenon can be explained as the fusion splicer in high altitude areas that has unstable performance and larger error than in plain areas, even so, the splice loss still meets the engineering requirements.
A fixed lateral offset d, and angular misalignment θ are considered in the above paragraphs. Nevertheless, the lateral misalignment and angular misalignment of each splice are random in the actual fusion operation, and it is required to consider this nature in the analysis. Several different groups of values are used to calculate the splice loss, and the comparisons between the calculated results and experimental data are shown in Fig. 8 . It can be seen from Fig. 8 , different offset and angle will cause different splice loss, whereas all the splice losses calculated by the proposed model agree more or less with the experimental results, and the proposed model has been verified further.
V. CONCLUSION
In this work, a model of splice loss in single-mode optical fibers affected by altitude is proposed. The model takes the splice loss caused by the mismatch in MFD, lateral misalignment and angular misalignment of the core into account, as well as the force variation of fiber butt-joint caused by the change of altitude and the influence of force variation on angular misalignment. The force of the fiber butt-joint increases as the altitude increases, then the angular misalignment of fiber fusion will be larger, therefore the splice loss due to angular misalignment increases. The fusion experiments of ULL single-mode optical fibers are carried out by traditional commercial fusion splicer at three altitudes. The proposed model was demonstrated by the experimental result, and the error between the proposed model and experimental results is significantly lower than the error between the Marcuse model, the Das model, and experimental results. This means that our model can be used as a reference to future research on the splice loss of single-mode optical fibers in Plateau areas.
In the experiment, the force of fiber butt-joint by fusion splicer F A is fixed due to the limitation of fusion splicer, whereas the splicing loss in different altitudes can be optimized by adjusting the applied pressure of fusion splicer in the future. The splicer operator can change the F A in any altitude to guarantee that the force of the fibers butt-joint remains unchanged, and this is another way to reduce the splice loss in high altitude areas, yet the fusion splicer needs to have a custom function.
We expect that the proposed model will be useful in the following scenario. In this scenario, two single-mode optical fibers will be spliced, and the optical wavelength, the allowable maximum angular misalignment, and the allowable maximum lateral offset have been known. In addition, the types of fiber are known, so the mode-field diameter and the cladding refractive index can be known. The altitude of the location of fusion operation also can be known. With these parameters, the splice loss in this location will be obtained by calculation, and the calculated value could be used as a guide to splice operation.
